Abstract. Flavopiridol (FP) exerts antitumoral effects by triggering tumor cell cycle arrest and cytotoxicity in human breast cancer cell lines. The potent antitumor activity of FP is through its inhibition of cyclin-dependent kinases; however, this may not be the only mechanism of action. The present study aimed to investigate whether FP is able to induce autophagy and to examine the effects of autophagy on cell death in FP-treated MCF-7 human breast cancer cells. MCF-7 cells were treated with either FP alone or FP in combination with chloroquine (CQ). Expression levels of autophagy-related protein LC3B-II and p62/sequestosome 1 (SQSTM1) were used to monitor autophagic flux. MCF-7 cells were transfected with autophagy-related 5 (ATG5) small interfering (si)RNA to block autophagy. Cell viability and cell cycle status were determined. Following incubation with FP, MCF-7 cells exhibited significantly higher autophagy compared with untreated control cells, and the level of autophagy is comparable with cells under rapamycin induction, which was verified by immunodetection of LC3B-II and p62/SQSTM1 expression and inhibition by CQ. The addition of CQ treatment or ATG5-siRNA transfection against autophagy components attenuated the cytotoxic effects of FP treatment of MCF-7 cells. Furthermore, this autophagy inhibition did not impair the FP-induced cell cycle arrest. These results revealed that autophagy may be involved in FP-induced MCF-7 cell death and autophagy inhibition enhanced the tumor cell pro-survival ability. It is possibly that potential autophagy regulatory drugs may be used as a chemotherapy adjuvant.
Introduction
Breast cancer is one of the most commonly diagnosed cancers in women worldwide. The incidence rate increases every year, and breast cancer is becoming more prevalent in younger age groups (1) . The 5-and 10-year survival rates for metastatic breast cancer are currently estimated at <25 and 5-10%, respectively (2) . Continued investigations into the role of dysregulated cell cycling in human breast cancer have led to the identification of several therapeutically attractive targets (3, 4) . Recently, the synergistic effects of autophagy and cyclin-dependent kinase (CDK) inhibitors have been reported in cancer therapy (5) . Flavopiridol (FP) is a CDK inhibitor that is known for its activity in arresting cell cycle at the G 1 -S or G 2 -M boundary and in mediating antiproliferative effects by inhibiting multiple CDKs (6, 7) . In addition, comprehensive studies have demonstrated the antitumoral activity of FP against human tumor cell lines (4, 8, 9) ; FP is considered an important ancillary tumor chemotherapy drug for its cytotoxicity in resting cells. In human breast cancer cells, FP may also downregulate the expression of antiapoptosis proteins in the inhibitor of apoptosis (IAP) family and B cell lymphoma-extra large (Bcl-X L ) and upregulate the expression of proapoptotic Bcl-2-associated X protein (Bax) to induce cell growth arrest and apoptosis, and these effects are independent of tumor estrogen receptor (ER) status (10) (11) (12) . However, the potential molecular mechanisms leading to cell apoptosis are unclear.
Autophagy is a catabolic process that regulates the degradation and recycling of organelles and proteins to maintain the general cellular homeostasis (13) . Once autophagy is activated, it may either induce tumor cell death (14) or antiapoptotic survival (15) . Numerous scientific reports have demonstrated the association between autophagy and cancer cell biologic activities, such as survival, apoptosis and metastasis. Apoptosis activation serves as a potential anticancer strategy by repressing various types of tumor cells (16, 17) . A previous study demonstrated that significant autophagy flux in FP-treated chronic lymphocytic leukemia (CLL) cells was initiated by FP-induced endoplasmic reticulum stress other than the result of directly inhibition of CDKs. Furthermore, inhibition of autophagy enhances FP cytotoxicity, which indicated that FP-induced autophagy may serve a drug resistance role in CLL cells (18) .
Autophagy and apoptosis were demonstrated to be induced by antitumor drugs in human breast cancer cell lines, such as Paris saponin XA-2 and rapamycin (19) . Those two drugs promoted breast cancer cell apoptosis via the Akt/mammalian target of rapamycin signaling pathway, which is also independent of cancer cell ER expression, as evidenced by the caspase activation and cleavage of Poly (ADP-ribose) polymerase. A recent study demonstrated that specific inhibition or small interfering siRNA-mediated silencing of inositol 1,4,5-trisphosphate receptors induced autophagic cell death through compromised bioenergetics and the generation of reactive oxygen species in MCF-7 human breast cancer cells (20) . In other human breast tumor cell lines, such as SKBR-3 and MB-468, FP treatment was revealed to reduce the expression levels of the antiapoptotic proteins IAP, Bcl-x L and myeloid cell leukemia 1 to induce cell death and enhanced the cytotoxicity of epothilone B, which is impeded by overexpression of Bcl-2 (11). Bcl-2 is a crucial factor involved in the process turning a normal cell into a cancerous one. Other than being an antiapoptotic protein, Bcl-2 also suppresses autophagy by directly targeting beclin 1, a component of the class III phosphoinositide 3-kinase (PI3K) pathway that serves a role in autophagosome formation (21) . Although FP-induced apoptosis and autophagy in different types of cancer cells has been well studied, the capacity of FP-induced autophagy in human breast cancer has, to the best of our knowledge, not yet been examined. The present study investigated whether FP treatment was able to induce autophagy in MCF-7 cells and determined the role of autophagy in survival and cell cycle arrest.
Materials and methods

MCF-7 cells in culture.
MCF-7 human breast cancer cells were purchased from Nanjing KeyGen Biotech Co., Ltd. (Nanjing, China) and were grown in RPMI-1640 medium (GIBCO; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (HyClone; GE Healthcare, Logan, UT, USA), 0.01 mg/ml bovine insulin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), 100 U/ml penicillin and 0.1 mg/ml streptomycin (Beyotime Institute of Biotechnology, Haimen, China) and maintained in an incubator at 37˚C with 95% humidity and 5% CO 2 .
Western blotting. MCF-7 cells were treated with rapamycin (5 µM) or FP (1 µM) with or without chloroquine (CQ; 500 nM; Sigma-Aldrich; Merck KGaA) for a total of 48 h at 37˚C, based on a previously published protocol (18) . A total of 1 x10
6 MCF-7 cells were harvested by scraping the cells from culture plates and collected by centrifugation at 40 x g for 6 min at 4˚C. Cells were resuspended in 125 mM Tris buffer (pH 6.8) and sonicated twice for 10 sec each and lysed using an equal volume of 8% SDS. Cell extracts were boiled for 10 min and chilled on ice. Protein concentration was measured using the Bicinchoninic Acid Solution (Sigma-Aldrich; Merck KGaA). The samples (10 µg for each well) were loaded on 10% SDS-PAGE for separation, and electrophoretically transferred to a nitrocellulose (NC) membrane. Subsequently, membranes were blocked at room temperature for 1 h in western blocking buffer (Beyotime Institute of Biotechnology). Each membrane was incubated with monoclonal antibodies against autophagy-related protein LC3B-II, p62/sequestosome 1 (SQSTM1), autophagy-related 5 (ATG5) and GAPDH (cat. no. 66139-1-Ig, 66184-1-Ig, 60061-1-Ig and 60004-1-Ig, respectively; Wuhan Sanying Biotechnology, Wuhan, China) at a dilution of 1:1,000, at 4˚C overnight. Blots were washed with PBS with 0.05% Tween-20 and incubated with horseradish peroxidase-conjugated secondary antibodies (cat. no. A0216, Beyotime Institute of Biotechnology) at a dilution of 1:1,000, at room temperature for 1 h. Signal intensities were measured using a chemiluminescence Detection System (Pierce; Thermo Fisher Scientific, Inc.). Autoradiograms were scanned with a Gel Doc 1000 Imaging System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The bi-dimensional optical density of proteins on the films was quantified and analyzed with Molecular Analysis Software (version 1.6.3, Bio-Rad Laboratories, Inc.). GAPDH was used as the internal control for LC3B-II, SQSTM1 and ATG 5 expression analysis.
siRNA experiments. Exponentially growing untreated MCF-7 cells were collected and cultured (2x10 5 /well in 2 ml) for 24 h before transfection. Plated cells were transfected with 80 pmol of either siRNA against human ATG5 (cat. no. sc-41445; Santa Cruz Biotechnology, Inc., Dallas, Texas, USA) or a negative control siRNA (cat. no. sc-37007; Santa Cruz Biotechnology, Inc.) in 100 µl siRNA transfection media and an X-tremeGENE Transfection Reagent (Roche Diagnostics, Basel, Switzerland) 8 µl at 37˚C for 8 h, following the manufacturer's protocol. Two days post-siRNA transfection, cells were treated with FP for 48 h. Following the final incubation, total protein was harvested and subjected to western blot analysis.
Cell viability assay. Cell viability was determined using a Cell Counting kit-8 (CCK-8; Beyotime Institute of Biotechnology). Briefly, cells (5,000 cells/well) were seeded in culture medium in 96-well plates and incubated at 37˚C for 24 h prior to drug treatments. Subsequently, the culture medium was replaced with fresh medium containing either FP (1 µM) alone or FP (1 µM) with CQ (0.5 µM) or CQ (0.5 µM) alone and cells were incubated for 48 h at 37˚C. The control group was treated with 0.2% DMSO alone. Finally, cells were incubated with complete medium containing 10 µl CCK-8 solution at 37˚C for 2 h and optical density at 450 nm was measured as the percentage of cells compared with the control group, using a microplate reader. After ATG5 siRNA (80 pmol/100 µl) was transfected, cells were divided into three groups: untransfected group, control siRNA group and siRNA ATG5 group. And cells were treated with FP or equal volume PBS. The control group was treated with 0.2% DMSO. The measurement was the same as above.
Cell cycle analysis. For cell cycle analysis, cells (2x10 4 cells/well) were plated in a 24-well plate and grown to 60% confluency. The cells were grown in serum free medium for 24 h to have limited synchronization. Then, normal MCF-7 cells were treated in complete medium with either FP (1 µM) or FP (1 µM) with CQ (0.5 µM) at 37˚C for 48 h. siRNA transfected cells were treated with FP (1 µM) alone at the same conditions. Following treatments, cells were harvested by centrifugation at 40 x g for 6 min at 4˚C and fixed in cold ethanol (70% v/v) in PBS for at least 2 h at 4˚C. Fixed cells were washed with PBS and stained with a solution containing propidium iodide (6 µM), 0.5% Triton X-100 and RNase (100 µg/ml) for 30 min at room temperature, in the dark. DNA content was analyzed through flow cytometry. The percentage of cells in G 0 -G 1 , S and G 2 -M phases was calculated using MultiCycle Software (version 3.0; Phoenix Flow Systems, San Diego, CA).
Statistical analysis. Data are presented as the mean ± standard deviation from three experiments. Two-way t-tests were used to analyze the variance in two groups for possible significance. One-way analysis of variance followed Tukey's method was used for multiple comparisons. Statistical analysis was performed using GraphPad Prism Software version 7.00 (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
MCF-7 cells are susceptible to autophagy induced by FP.
As induction of autophagy in human breast cancer cell lines has been fully confirmed including MCF-7 cells (20) , it was determined whether MCF-7 cells undergo autophagy with FP during this process (19) . MCF-7 cells were incubated for 48 h with 1 µM FP or with 5 µM rapamycin (a well-characterized initiator of autophagy). Western blot analysis demonstrated classic autophagy performance of LC3B protein expression in the rapamycin-treated MCF-7 cells, although this was not quantified (Fig. 1A) . Western blot analysis also demonstrated that LC3B-II expression was significantly increased in FP-treated cells compared with the control (Fig. 1B; P<0 .01), which indicated the induction of autophagosome formation by FP incubation.
Verification of autophagy induced by FP. LC3 protein was previously reported to be localized in structures other than autophagosomes in some tissues (22, 23) ; however, immunodetection of LC3 in cytoplasmic granules is not sufficient as an absolute marker to monitor autophagy. Recent guidelines for the use and interpretation of assays for monitoring autophagy recommended using p62/SQSTM1 and LC3B-II turnover to monitor flux (24) . CQ is a proteasome inhibitor; it interrupts the autophagy flux by inhibiting lysosome-mediated proteolysis (25) . Therefore, the present study analyzed the protein expression levels of both LC3B-II and p62/SQSTM1 ( Fig. 2A-C) . Western blotting results revealed the expected decrease of p62/SQSTM1 protein expression in FP-treated MCF-7 cells and restored by FP and CQ co-treatment ( Fig. 2A  and C, P<0.05 ). This could imply that the change in LC3B and p62/SQSTM1 expression levels could be the result of FP-induced autophagy in MCF-7 cells and it was successfully blocked by co-treatment with CQ.
Inhibition of autophagy antagonizes FP cytotoxicity.
Co-treatment with FP and CQ significantly antagonizes the cytotoxicity of FP in MCF-7 cells (P<0.05; Fig. 3A) . As CQ is not a specific autophagy inhibitor, it may affect other cellular processes in addition to autophagy. After transfected with siRNA ATG5, the expression of ATG5 was knocked down (Fig. 3B) . The expression trend of both LC3B and p62/SQSTM1 validated that autophagy was blocked after transfection compared with the untransfected cells and control siRNA-transfected cells (Fig. 3B ). There was a significantly higher rate in cell survival in ATG5-silenced MCF-7 cells compared with the untransfected and the control siRNA-transfected cells treated with FP ( Fig. 3C ; P<0.01).
FP-induced cell cycle arrest is not impaired by autophagy inhibition.
Autophagy is generally associated with metabolic activity, including proliferation and cell cycle. It has been proved that FP blocked MCF-7 cells at G1 stage, inhibition of resveratrol-induced autophagy abolished cell cycle arrest by restoring the levels of cyclin A and B to normal levels in glioma cells (26) . In the present study, autophagy inhibition by CQ or ATG5 siRNA treatment did not notably impair the G 0 -G 1 phase of the cell cycle (P>0.05; Table I ). These data suggested that FP may have a cell cycle regulation role but this needs to be determined.
Discussion
CDK inhibition is an important target for breast cancer treatments, which is resistant to endocrine therapy (4). Flavopiridol is a semisynthetic flavonoid that is derived from rohitukine. Significant effort has been made to understand the detailed pathways of FP action (27) . Briefly, the mechanisms of antitumoral effects may lie in direct inhibition of CDK expression or activation by binding to the ATP-binding site or by the prevention of CDK phosphorylation, which is overexpressed in many human neoplasias (28, 29) . However, this does not offer a sufficient explanation as to how FP induces cell death in growth-arrested cancer cells.
An important biochemical mechanism that is involved in FP-induced proapoptotic cell death is autophagy (10) . The present study demonstrated that MCF-7 cells expressed crucial components of the autophagy machinery, which may be robustly activated by FP. FP induced aggregation of LC3B-II and decreased p62/SQSTM1 expression levels which was partially abolished by CQ co-treatment and siRNA ATG5 transfection. Autophagy inhibition by CQ resulted in notably higher cell survival rate compared with cells treated with FP alone. Furthermore, this was also confirmed by ATG5 silencing. Autophagy inhibition did not impair the effects on cell cycle arrest in FP-treated MCF-7 cells.
As autophagy has been considered to be paradoxical in character when MCF-7 cells were treated with different drugs: One involves augmenting proapoptotic autophagy to induce cell death (30) , and the other involves the upregulation of pro-survival drug resistance (31) . These inconsistent results from previously published work may attribute to the complex role of autophagy in cancer and it is likely dependent on tumor type, stage, and genetic context (32) . Further clarification of autophagy may result in new strategies for cancer therapy. Antiapoptotic Bcl-2 protein expression leads to oncogenic transformation and drug resistance in many human cancers, including breast cancer (33, 34) . Bcl-2 suppresses autophagy by directly binding the BH3 domain in beclin 1, which is part of a class III PI3K complex that participates in autophagosome formation (35) . A previous study using MCF-7 cells demonstrated that the Bcl-2/beclin 1 complex may function as a rheostat that ensures that the levels of autophagy remain within a homeostatic rather than a nonphysiological range that triggers cell death (36) . Chemotherapeutics may alter Bcl-2/beclin 1 binding activity or Bcl-2 expression to regulate autophagy and apoptosis in the cancer cells. These two Bcl-2 regulations may cause different results of cancer cell survival. Inhibition of Bcl-2/beclin 1 binding activity may not affect the antiapoptotic function of Bcl-2. Such as Pseudolaric acid B (PAB), which has been demonstrated to exert an antitumor effect in MCF-7 cells. PAB treatment inhibits the formation of the Bcl-2/beclin 1 complex, leaving beclin 1 free to participate in autophagy. However, PAB may also increase Bcl-2 expression and it was concluded that PAB-activated autophagy in MCF-7 cells may contribute to resistance to cell death (37) . On the other hand, if Bcl-2 expression was decreased; both autophagy and apoptosis were enhanced. FP has been reported to downregulate the Bcl-2 expression in several types of human breast cancer cell lines (4), which may explain why FP is useful as a medication for cancer therapy. Altogether, the present results demonstrated that FP exposure induced autophagy in MCF-7 human breast cancer cells and autophagy, considering FP as a potential autophagy regulatory molecule for cancer therapy, but further experimentation is required.
